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Observation of number-density-
dependent growth of plasmonic 
nanobubbles
Takashi Nakajima1, Xiaolong Wang1, Souvik Chatterjee1 & Tetsuo Sakka2
Interaction dynamics of laser pulses and nanoparticles are of great interest in recent years. In many 
cases, laser-nanoparticle interactions result in the formation of plasmonic nanobubbles, and the 
dynamics of nanoparticles and nanobubbles are inseparable. So far, very little attention has been paid 
to the number density. Here we report the first observation of number-density-dependent growth of 
plasmonic nanobubbles. Our results show that the nanobubbles growth depends (does not depend) 
on the number density at high (low) laser fluence, although the inter-particle distance in the solution is 
as long as 14–30 μm. This cannot be explained by the existing physical picture, and we propose a new 
model which takes into account the pressure waves arising from nanoparticles. The numerical results 
based on this model agree well with the experimental results. Our findings imply that the number 
density can be a new doorknob to control laser-nanobubble as well as laser-nanoparticle interactions.
In the past decades intensive studies on the optical properties of nanoparticles (NPs) have led to various inter-
esting applications in biophysics1,2 and many other fields3,4 as nicely reviewed in a recent article5. Most of these 
applications are based on the collective oscillations of unbound conduction electrons, known as surface plas-
mons. The energy acquired by the unbound electron through the formation of surface plasmon is transfered to 
the other electrons in tens of femtoseconds, and then to the lattice within a few picoseconds, which leads to the 
heating of NPs. The heat diffusion originating from NPs goes outwards as well as inwards, as a result of which the 
surrounding medium is also heated6–13. In many applications the surrounding medium is water (or liquid), and as 
a natural consequence of the plasmonic heating of NPs, plasmonic nanobubbles (NBs) are formed14–18. Plasmonic 
NBs are very transient, and exhibit very different behaviors compared with the surface NBs19,20 which are found 
to be very stable. The dynamics of NPs and NBs upon laser irradiation onto the NPs depends not only on the inci-
dent laser fluence8 but also the laser wavelength21. Similarly, the laser wavelength to induce optical breakdown of 
water without NPs has been found to be an important parameter to control the radius of NBs, which may lead to 
the improvement of cell surgery22.
Since the formation of plasmonic NBs is a consequence of laser-NP interactions in the solution, the dynamics 
of NPs and NBs are inseparable, and therefore, the fate of NPs upon laser irradiation is strongly related to the fate 
of NBs. For more efficient use of NPs and NBs, the NP solution with higher number density, or laser pulse with 
higher fluence, or both may be sometimes desired. In this aspect, we point out that very little attention has been 
paid, so far, to the choice for the number density of NPs in the solution.
In this work we report the first observation of number-density-dependent growth of plasmonic NBs upon irra-
diation of laser pulses. The experimental technique we develop here is capable of measuring the time-dependent 
dynamics of plasmonic NBs with nanosecond time-resolution, which could provide much more insight into the 
dynamics of NBs, and the technique could be easily extended for the femtosecond time-resolution only if a fem-
tosecond laser is available. The number density of NPs we employ in this work is quite modest, and in the range of 
107~108/mL. The dynamics of NBs are monitored through the transient change of extinction cross section of NBs, 
which is converted to the temporal change of NB radius with the aid of Mie theory. Our results clearly demon-
strate that the growth of NBs irradiated by the high-fluence laser pulse is significantly suppressed if the initial 
number density of NPs is high (but still in the order of only ~108/mL, corresponding to the inter-particle distance 
of ~14 μm), while the NB growth under the low-fluence laser pulse hardly depends on the number density. This 
cannot be explained by the existing physical picture, and we propose a new model which takes into account the 
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influence of the pressure waves arising from NPs. The numerical results based on this model agree well with the 
experimental results.
Results
Time evolution of nanobubble radius. The Ag NPs solution we employ for the experiments is a com-
mercial product from nanoComposix, and has good size uniformity (99 ± 8.2 nm diameter) and low ellipticity 
(Supplementary Fig. S1) with 2 mM citrate to prevent aggregation. We dilute it with distilled water to obtain the 
AgNPs solutions with desired number densities. Upon irradiation of the 532 nm laser pulse onto the Ag NPs 
solution (Supplementary Fig. S2) NBs are formed. The produced NBs has a spherical shape (Supplementary 
Fig. S3), and essentially contains water vapor (refractive index ~1) with a Ag NP as a core. Of course the Ag 
NPs may be melted and even vaporized in the NBs during the irradiation of 532 nm laser pulses. However, the 
closest transition wavelength of Ag atoms is 328 nm, which is very much away from the wavelength of the laser 
pulse, and therefore the Ag vapor may be considered to be transparent to the 532 nm laser pulses. Note that the 
formation of NBs upon irradiation of a laser pulse is a transient process, and using a simple but new setup with a 
single laser pulse (Supplementary Fig. S2), the time-dependent change of NBs radii can be detected through the 
change of the temporal profile of the 532 nm pulse before and after the cuvette. This procedure is illustrated in 
Fig. 1a–c. Figure 1a shows the extinction cross sections of water vapor NBs at 532 nm calculated with the Mie the-
ory (ScatLab software) as a function of bubble radius. Using the raw experimental data of temporal pulse profiles 
before and after the cuvette shown in Fig. 1b, we obtain the time-dependent extinction cross sections as shown by 
the red curve in Fig. 1c, which is finally converted to the time-dependent bubble radius shown by the black curve 
in the same panel with the aid of Fig. 1a. Note that the gap appears at around − 7 ns in the temporal change of bub-
ble radius shown in Fig. 1c, which is due to the fact that the extinction cross section cannot be uniquely mapped 
onto the bubble radius when the bubble radius is very small, as we see in Fig. 1a at ~0.1 μm. From Fig. 1c we can 
clearly see that the NB radius monotonically increases during the irradiation of the 532 nm pulse.
Nanobubble growths at different number densities. Now, we vary the laser fluences and number 
densities of Ag NPs in the solution and repeat the measurements, after which the data analysis is performed by 
the procedures described in Fig. 1a–c. The results are summarized in Fig. 2. What we can see from these results is 
that, for any number density of Ag NPs in water, for example in Fig. 2a, the NBs start to grow at earlier time and 
the final bubble radius is larger for higher laser fluence. This is simply because more heating of surrounding water 
as well as Ag NPs takes place when the incident laser fluence is higher11. This is already well-known. However, in 
case of high laser fluence, we find that the NBs growth has a striking dependence on the number density of Ag 
NPs. For instance, compare the NB radius at 10 ns in Fig. 2a,c at 584 mJ/cm2 and 540 mJ/cm2, respectively. The NB 
radius is 0.45 μm for the former and 0.26 μm for the latter. In contrast, the NB radius is very similar, irrespective 
of the number density, when the laser fluence is sufficiently low. For instance, compare the results in Fig 2b,c at 
105 mJ/cm2 and 107 mJ/cm2, respectively. At 10 ns the NB radius is ~0.2 μm for both cases. We note that the simi-
lar measurement was not possible for the number density of 3.7 × 107/mL, because the difference of the temporal 
profile of the 532 nm pulse before and after the cuvette (red dashed and dotted lines in Fig. 2a) was too small to 
reliably determine the time evolution of bubble radius.
Nanobubble radius at the end of the pulse. To highlight the number-density-dependent growth of NBs 
we replot the bubble radius at a chosen time, 7 ns, as a function of laser fluence for different number densities by 
Figure 1. Procedure to obtain the time evolution of bubble radius from the raw data of temporal pulse 
profiles before and after the cuvette. (a) Extinction cross section of an air bubble at 532 nm as a function of 
bubble radius calculated by the Mie theory. A single Ag NP of 50 nm radius is assumed to be at the center of the 
bubble as a core. (b) Typical temporal profiles of 532 nm pulses before (dashed) and after (dotted) the cuvette. 
(c) Time evolution of extinction cross section (red) calculated from the curves in graph (b) and time evolution 
of bubble radius (black) obtained using the red curve and graph (a). Note that the gap at around − 7 ns in graph 
(c) is caused by the nonmonotonicity of the change of extinction cross section seen in graph (a) as a dip for the 
small bubble radius.
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3Scientific RepoRts | 6:28667 | DOI: 10.1038/srep28667
referring to Fig. 2a–c, and the results are shown in Fig. 3. When the laser fluence is low (~100 mJ/cm2) the bubble 
radius is about 0.18 μm, and it does not depend on the number density. As the laser fluence increases, the bubble 
radius is becoming different for different number densities, and if we compare the bubble radius under the same 
incident laser fluence, it is smaller for the higher number density than that for the lower number density. For 
instance, at the laser fluence of ~550 mJ/cm2, the bubble radii are, respectively, 0.41, 0.32, and 0.25 μm, for the 
number densities of 3.7 × 107, 1.2 × 108, and 3.7 × 108/mL. Note, however, that these comparisons do not bring 
any surprise, because we can easily explain the above findings in Fig. 3, at least qualitatively, by the well-known 
physical picture, as illustrated in Fig. 4a–d. Namely, if the incident laser fluence is low, the laser pulse is hardly 
attenuated, and accordingly the the size of NBs is practically the same everywhere for both low and high density 
solutions, as illustrated in Fig. 4a,b. This explains why the bubble radius in Fig. 3 does not depend on the number 
density at the low laser fluence. If the incident laser fluence is high (Fig. 4c,d), the radii of NBs near the entrance of 
the cuvettes are supposed to be the same for both low and high density solutions (filled violet circles in Fig. 4c,d). 
Near the exit of the cuvette, however, the radii of NBs are smaller for the high density solution than those for the 
low density solution, because the laser pulse in the high density solution is significantly attenuated during prop-
agation. This explains why, in Fig. 3, the bubble radius for the 3.7 × 108/mL solution is smaller than that for the 
3.7 × 107/mL solution if the incident laser fluence is high. Thus, it appears that all we see in Fig. 3 can be explained 
by the existing physical picture, as illustrated in Fig. 4a–d.
However, a closer examination of Fig. 3 reveals the very unusual NBs growth at different number densities: 
We now compare the bubble radius under the same laser fluence at the exit of the cuvette. For instance, the 
incident laser fluence of 214 mJ/cm2 for the 3.7 × 107/mL solution and that of 540 mJ/cm2 for the 3.7 × 108/mL 
solution result in the similar laser fluence of 200~240 mJ/cm2 at the exit of the cuvette, since the transmittance 
of the 532 nm pulse after the cuvette is close to 100% for the former and ~45% for the latter solutions. A naive 
guess based on the existing physical picture, as illustrated in Fig. 4e,f, suggests that the ensemble-averaged bubble 
Figure 2. Time evolution of bubble radius for different laser fluences and number densities of Ag NPs. The 
dashed and dotted curves in each panel are the temporal profiles of 532 nm pulses before and after the cuvette, 
and the different colors indicate the different laser fluences. The number densities of Ag NPs are (a) 3.7 × 107/mL, 
(b) 1.2 × 108/mL, and (c) 3.7 × 108/mL, respectively.
www.nature.com/scientificreports/
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radius for the former solution (Fig. 4e) must be smaller than that for the latter solution (Fig. 4f). But this turns out 
to be wrong, as we see in Fig. 3. The bubble radii at 7 ns are 0.34 and 0.25 μm, respectively, for the 3.7 × 107 and 
3.7 × 108/mL solutions. Clearly, a simple consideration of the effective laser fluence based on the existing physical 
picture (Fig. 4e,f) cannot explain why the NBs growth for the 3.7 × 108/mL solution at the incident laser fluence of 
Figure 3. Bubble radius at 7 ns as a function of laser fluence for different number densities of Ag NPs. 
Figure 4. Illustration of NBs at the end of the laser pulse to explain why the simple consideration of 
effective laser fluence of 532 nm laser pulse in the AgNPs solutions cannot explain the number-density-
dependent growth of NBs presented in Figs 2 and 3. (a,b) illustrate the NBs at low laser fluence for the low and 
high density solutions, respectively, while (c,d) show the similar at high laser fluence. In each (a,b) and (c,d), the 
laser fluence is chosen to be the same at the entrance of the cuvette. (e,f) illustrate the NBs at high laser fluence 
for the low and high density solutions, respectively, with laser fluence chosen to be the same at the exit of the 
cuvette.
www.nature.com/scientificreports/
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540 mJ/cm2 is strongly suppressed compared with that for the 3.7 × 107/mL solution at the incident laser fluence 
of 214 mJ/cm2.
Pressure waves. We attribute this unexpected behavior of the NB growth at different number densities to 
the effect of the pressure waves23–26. When the NPs are suddenly heated by laser pulses, NBs are formed around 
NPs. Since the formation of NBs is so sudden the pressure waves are produced. In the existing theory to describe 
the time evolution of the bubble it is usually assumed that the bubble is isolated. This is a reasonable assumption 
for the laser ablation of a solid target in a gas23 and liquids24–27. In our case it also appears, at first glance, that the 
bubbles are well-isolated if we recall that the inter-particle distance at the number densities studied in this work is 
14–30 μm (second column of Table 1), which is far larger than the bubble radius and there should be no change in 
the optical property of NPs at this inter-particle distance28. There is a possibility, however, that the pressure wave 
produced around a certain NP reaches the adjacent NBs during the irradiation of the laser pulse. The mean travel 
time of the pressure wave to the adjacent NPs is also written in the third column of Table 1. We point out that the 
speed of the pressure wave in water is at least faster than the speed of sound in water, i.e., 1500 m/s, and it can be 
even 3000–4500 m/s, as measured for the case of optical breakdown in water by the 6 ns pulse with 10 mJ energy29, 
while the expansion speed of the bubble can be much slower and may be of the order of tens or hundreds of m/
s7,27. It may be that the outward pressure wave originating from a certain NPs acts as the inward pressure wave to 
the adjacent NBs to suppress the growth of NBs. This hypothesis is qualitatively consistent with our observation 
(Fig. 3) that (1) when the incident laser fluence is low (~100 mJ/cm2) the bubble radius at the end of the laser 
pulse does not depend on the number density, while (2) when the incident laser fluence is high (~500 mJ/cm2) it 
becomes smaller for the NP solution at the higher number density. The above interpretation is illustrated in Fig. 5 
for four representative cases.
To confirm our hypothesis we carry out the numerical calculations by solving the Rayleigh-Plesett (RP) equa-
tion30–32 with appropriate modifications to take into account the effects of the pressure waves from the surround-
ing NPs (Supplementary Note 1), and the parameters we must know in advance are the peak pressure, ps0, and 
initial bubble speed, . For our specific case, those parameters serve as fitting parameters to better reproduce the 
experimental results. Unlike in the case of laser ablation and laser-induced breakdown in a liquid by which a sin-
gle bubble is produced, many NBs are produced in our case, and moreover, those NBs are born at different times 
from the different NPs during the nanosecond laser pulse. Accordingly we perform the ensemble average of the 
calculated quantities (Supplementary Note 2)
After we have tried several different values for the peak pressure ps0 and the initial bubble speed , we find 
that the bubble dynamics calculated with a smooth increase to the peak pressure wave of 1 MPa (Fig. 6a) and the 
initial bubble speed of 800 m/s can well reproduce the growth of NBs for the case of the highest number density 
of Ag NPs (3.7 × 108/mL) under the highest laser fluence (~540 mJ/cm2). To ensure that those adjusted param-
eters are also appropriate to describe the bubble dynamics at the lowest (3.7 × 107/mL) and medium (1.2 × 108/
mL) number densities under the similar laser fluence we solve the RP equation with the consistently scaled peak 
pressure (Supplementary Note 1) and the identical initial bubble speed, since the former (latter) parameter should 
(should not) depend on the number density. The numerical results of ensemble-averaged extinction cross section 
and bubble radius are shown in Fig. 6b,c. The trend we see in the calculated results reasonably agrees with the 
experimental results for the case of the highest laser fluence (~540 mJ/cm2) shown in Fig. 2, and this confirms 
that the physical origin of the number-density dependence of the NB growth is the pressure waves arising from 
the surrounding NPs.
Discussion
We have studied the number-density-dependent growth of plasmonic NBs in the Ag NP solution. When the 
incident laser fluence is sufficiently high, the growth of NBs in the high number density Ag NP solution is sup-
pressed compared with that in the low number density Ag NP solution. In contrast, the growth of NBs does not 
depend on the number density of NPs when the incident laser fluence is low. A simple argument based on the 
existing physical picture (Fig. 4e,f) cannot explain the number-dependent-growth of plasmonic NBs. We attribute 
this unexpected behavior to the effects of the pressure waves produced by NPs upon the formation of NBs. The 
pressure waves can reach the adjacent NBs within a few nanoseconds, and impose inward pressure to the adjacent 
NBs so that the the growth of the NBs is suppressed (Fig. 5). Our numerical results support this interpretation. 
Clearly, the number-density-dependent growth of NBs we have observed during the first several nanoseconds 
upon laser irradiation would influence their fate until they collapse, whether the employed pulse is long or short, 







3.7 × 107 30 8.6
1.2 × 108 20 5.7
3.7 × 108 14 4
Table 1.  Mean nanoparticle distance (defined as a Wigner-Seitz radius) and mean travel time of the 
pressure wave for different number densities of Ag NPs in water. The speed of the pressure wave in the Ag NP 
solution is assumed to be 3500 m/s29.
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offer a new doorknob to control laser-NB as well as laser-NP interactions with a number density of NPs as an 
unexplored control parameters.
Methods
Extinction Spectrum of Ag NPs before the laser pulse. The Ag NP solution we employ is a commer-
cial product from nanoComposix. It has good size uniformity (99.1 ± 8.2 nm diameter) and low ellipticity. The 
initial number density of Ag NPs is 3.7 × 109/mL with 2 mM citrate to prevent aggregation. For our experiment 
we dilute the solution with distilled water in a well-controlled manner so that we can prepare the sample solution 
at the desired number density. To confirm that the number density of diluted NPs is correctly evaluated, we meas-
ure the extinction spectrum of 10× diluted Ag NP solution with a commercial CCD spectometer (Ocean Optics, 
USB2000+ ) and a white light source (Ocean Optics, USB-ISS-UV-VIS) (Supplementary Fig. S1). For comparison 
we also calculate the extinction spectrum at this number density with the Mie theory (Supplementary Fig. S1). 
Although the measured spectrum is a bit different from the calculated one in the region close to resonance, the 
overall shapes are similar, in particular around 532 nm. The overall agreement between the measured and cal-
culated extinction spectra confirms that the number densities of the samples we prepare are correctly evaluated.
Measurement of the time-dependent extinction. To measure the time-dependent extinction of Ag 
NPs dispersed in water, we detect the temporal profiles of the laser pulse before and after the Ag NPs solu-
tion (Supplementary Fig. S2). The second harmonic (532 nm) of the Q-switched Nd:YAG laser (Spectra-Physics, 
Quanta-Ray, 10 ns) is introduced into the 50 μL quartz cuvette (1 cm length) filled with the Ag NP solutions at a 
few different number densities as described above. The timing of 532 nm laser pulses is synchronized with other 
instruments by the home-made electronic controller. In order to realize the uniform irradiation throughout the 
entire cuvette we use the well-collimated 532 nm beam without focus after reducing its diameter from 8 mm to 
0.6 mm with a diaphragm placed before the cuvette. The transverse profile of the resulting beam is Gaussian 
(inset of Supplementary Fig. S2). Using the wedged beam samplers we measure the temporal profiles of 532 nm 
pulses before and after the cuvette with two photodiodes (ThorLabs, DET10A). The data from the photodiodes 
are transferred to the digital oscilloscope (Tektronix, TDS2014), and finally stored in the computer. The main 
portion of the pulse energy after passing through the cuvette is recorded by an energy meter (ThorLabs, ES111C 
& PM100D), which is also stored in the computer for the data processing. Since the irradiation of single laser 
pulse can result in the size reduction of NPs33,34 we replace the NP solution after the irradiation of each laser pulse 
so that the fresh and hence a well-defined NP solution interacts with every single laser pulse. From the measured 
temporal profiles of 532 nm pulses before and after the cuvette we can find the temporal change of transmission 
induced by the irradiation of single 532 nm pulse to the Ag NPs solution. Obviously the precise adjustment of 
Figure 5. Role of the pressure waves during the NBs growth for the cases in which the incident laser fluence 
and the number density of NPs are, respectively, (a) low and low, (b) high and low, (c) low and high, and  
(d) high and high. In (b,d) the dashed circles stand for the wavefronts of pressure waves at several ns. Note that 
in (d) the pressure waves originating from the NPs in the neighborhood can influence the growth of the other 
NBs even in the short time range (several ns) as studied in this work.
www.nature.com/scientificreports/
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time zero for the signals of the two photodiodes is crucial for our measurement. This can be done by taking into 
account for the ~10 cm distance between the two beam samplers, which results in the ~0.3 ns delay between the 
measured pulse shapes before and after the cuvette. To compensate for this time lag, we have shifted the temporal 
profile of the 532 nm pulse after the cuvette by 0.3 ns to the forward direction.
Data analysis for the time-dependent extinction cross sections. From the experimentally measured 
time-dependent extinctions the time-dependent extinction cross sections during the single laser pulse can be cal-
culated in the following way: We first measure the temporal profiles of 532 nm pulses before and after the cuvette, 
I1(t) and I2(t), with the cuvette filled with distilled water, and calculate the transmission by Twater(t) = I2(t)/I1(t). 
Then, we replace the distilled water with the Ag NP solution at a well-defined number density, and again measure 
I1(t) and I2(t) to calculate the transmission, TAg(t). Using those quantities we can calculate the time-dependent 
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where L is the length of the cuvette and N is the number density of Ag NPs in water. Note that the above analysis 
is meaningful only if the NP solution before the laser irradiation is under the well-defined conditions in that the 
NPs have a known size and uniform distribution in water and the number density is also known. This is why our 
measurement is a single-shot basis with a fresh Ag NP solution for every 532 nm pulse.
To demonstrate the validity of our experimental scheme (Supplementary Fig. S2) and the data processing 
based on equation 1, we first perform the test measurements using the Ag NP solution at the number density of 
3.7 × 108/mL and the incident laser fluence of 180 mJ/cm2 with linear polarization. The result is shown by the 
black curve in Supplementary Fig. S3. Using I1(t) and I2(t) which are shown by the dashed and dotted curves, 
Figure 6. Calculated time evolution of NBs after the ensemble average for the case of the highest laser 
fluence, 520~580 mJ/cm2, by taking into account the influence of the pressure wave. (a) Temporal profiles 
of the pressure wave we assume for different number densities of Ag NPs. (b) Time evolution of extinction 
cross sections. (c) Time evolution of NB radius. In all figures the black, red, and green curves correspond to the 
number densities of 3.7 × 107, 1.2 × 108, and 3.7 × 108/mL, respectively.
www.nature.com/scientificreports/
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respectively, in Supplementary Fig. S3, we can calculate the time-dependent extinction cross sections with the 
aid of equation 1. The obtained curve for the extinction cross section is a bit noisy at time before − 7 ns. This is 
due to the limited quality of the obtained signals of temporal pulse profiles. Similar is true at time after 7 ns. The 
dashed horizontal line in Supplementary Fig. S3 indicates the extinction cross section calculated by the Mie 
theory without taking into account the heating and formation of NBs, which corresponds to the weak excitation 
limit. In order to ensure that there is no deformation of NPs and NBs due to the specific choice of laser polar-
ization, we also carry out similar measurements with elliptically and circularly polarized 532 nm pulses using 
a quarter-wave plate. The results are also shown by the red and blue curves in Supplementary Fig. S3. We can 
see that the time-dependent extinction cross sections by linearly, elliptically, and circularly polarized 532 nm 
pulses are practically the same in the time range between − 7 and 7 ns. This clearly shows that we do not have 
to worry about the influence of employed laser polarization on the time-dependent extinction cross sections35. 
Accordingly we will only employ linearly polarized 532 nm pulses for the rest of the results shown in this work.
Numerical calculations. To simulate the temporal dynamics of the nanobubble we solve the 
Rayleigh-Plesset (RP) equation27,30–32 which is often employed to understand the dynamics of the single iso-
lated bubble produced by laser-induced breakdown22,29, laser ablation of a solid target in a liquid24–27, and even 
cavitation dynamics of NBs formed by the irradiation of femtosecond pulses onto the gold NPs in water7. In our 
case, it is essential to take into account the influence of the pressure waves from the surrounding NPs, and the RP 
equation has to be appropriately modified, as we describe in Supplementary Note 1.
Ensemble average of the numerical results. Since the employed laser pulse has a nanosecond duration 
different NBs are born from different NPs at different times during the laser pulse, and as a consequence, what 
we experimentally observe is the ensemble-averaged radius of many NBs. After these considerations, it is clear 
that we must perform the ensemble average of the numerical results (Supplementary Note 2) by recalling that it 
is not the bubble radii but the extinction cross sections that may be arithmetically averaged. That is, we numeri-
cally solve the RP equation many times to obtain the time-dependent bubble radii at a certain number density of 
NPs under the influence of the pressure wave as assumed in Fig. 6a for different onset times of the NBs, and cast 
the calculated bubble radii into the extinction cross sections using the Mie theory. The extinction cross sections 
are then ensemble averaged with weighting factors proportional to the number of NBs born at different times 
(Supplementary Note 2). The number of NBs born at different times is assumed to be proportional to the instan-
taneous laser intensity. The ensemble-averaged extinction cross section is finally recast into the bubble radius. 
Note that this kind of ensemble effect does not exist if the employed laser pulse into the NP solution has a much 
shorter (picosecond or femtosecond) duration7 or a single NB is produced by laser ablation onto a solid target 
placed in liquid27.
References
1. Slocik, J. M., Govorov, A. O. & Naik, R. R. Plasmonic circular dichroism of peptide-functionalized gold nanoparticles. Nano Lett. 11, 
701705 (2011).
2. Sapsford, K.E. et al. Functionalizing nanoparticles with biological molecules: Developing chemistries that facilitate nanotechnology. 
Chem. Rev. 113, 1904–2074 (2013).
3. Zhang, Z., Gilbert, B., Huang, F. & Banfield, J. F. Water-driven structure transformation in nanoparticles at room temperature. 
Nature 424, 1025–1029 (2003).
4. Wheaton, S., Gelfand, R. M. & Gordon, R. Probing the Raman-active acoustic vibrations of nanoparticles with extraordinary 
spectral resolution. Nature Photon. 9, 68–72 (2014).
5. Zijlstra, P. & Orrit, M. Single metal nanoparticles: optical detection, spectroscopy and applications. Rep. Prog. Phys. 74, 106401 
(2011).
6. Hu, M. & Hartland, G. V. Heat dissipation for Au particles in aqueous solution: relaxation time versus size. J. Phys. Chem. B 106, 
7029–7033 (2002).
7. Kotaidis, V. & Plech, A. Cavitation dynamics on the nanoscale. Appl. Phys. Lett. 87, 213102 (2005).
8. Kotaidis, V., Dahmen, C., von Plessen, G., Springer, F. & Plech, A. Excitation of nanoscale vapor bubbles at the surface of gold 
nanoparticles in water. J. Chem. Phys. 124, 184702 (2006).
9. Muskens, O. L., Del Fatti, N. & Vallée, F. Femtosecond response of a single metal nanoparticle. Nano Lett. 6, 552–556 (2006).
10. Lapotko, D. Optical excitation and detection of vapor bubbles around plasmonic nanoparticles. Opt. Express 17, 2538–2556 (2009).
11. Siems, A., Weber, S. A. L., Boneberg, J. & Plech, A. Thermodynamics of nanosecond nanobubble formation at laser-excited metal 
nanoparticles. New J. Phys. 13, 043018 (2011).
12. Lachaine, R., Boulais, E., Bourbeau, E. & Meunier, M. Effect of pulse duration on plasmonic enhanced ultrafast laser-induced bubble 
generation in water. Appl. Phys. A 112, 119–122 (2012).
13. Lukianova-Hleb, E. Y. & Lapotko, D. O. Experimental techniques for imaging and measuring transient vapor nanobubbles. Appl. 
Phys. Lett. 101, 264102 (2012).
14. Lukianova-Hleb, E. et al. Plasmonic nanobubbles as transient vapor nanobubbles generated around plasmonic nanoparticles. ACS 
Nano 4, 2109–2123 (2010).
15. Neumann, O. et al. Solar vapor generation enabled by nanoparticles. ACS Nano 7, 42–49 (2013).
16. Lukianova-Hleb, E. Y., Sassaroli, E., Jones, A. & Lapotko, D. O. Transient photothermal spectra of plasmonic nanobubbles. Langmuir 
28, 4858–4866 (2012).
17. Fang, Z. et al. Evolution of light-induced vapor generation at a liquid-immersed metallic nanoparticle. Nano Lett. 13, 1736–1742 
(2013).
18. Shin, D. et al. Growth dynamics and gas transport mechanism of nanobubbles in graphene liquid cells. Nat. Commun. 6, 6068, doi: 
10.1038/7068 (2015).
19. Lohse, D. & Zhang, X. Surface nanobubbles and nanodroplets. Rev. Mod. Phys. 87, 981–1035 (2015).
20. Peng, H., Birkett, G.R. & Nguyen, A.V. Progress on the Surface Nanobubble Story: What is in the bubble? Why does it exist? Adv. 
Colloid. Interface Sci. 222, 573–580 (2015).
21. Boulais, É., Lachaine, R. & Meunier, M. Plasma mediated off-resonance plasmonic enhanced ultrafast laser-induced nanocavitation. 
Nano Lett. 12, 4763–4769 (2012).
www.nature.com/scientificreports/
9Scientific RepoRts | 6:28667 | DOI: 10.1038/srep28667
22. Vogel, A., Linz, N., Freidank, S. & Paltauf, G. Femtosecond-laser-induced nanocavitation in water: implications for optical 
breakdown threshold and cell surgery. Phys. Rev. Lett. 100, 038102 (2008).
23. Roy, S. et al. Spatially and temporally resolved temperature and shock-speed measurements behind a laser-induced blast wave of 
energetic nanoparticles. J. Appl. Phys. 113, 184310 (2013).
24. Evans, R., Camacho-López, S., Pérez-Gutiérrez, F. G. & Aguilar, G. Pump-probe imaging of nanosecond laser-induced bubbles in 
agar gel. Opt. Express 16, 7481–7492 (2008).
25. Sasaki, K., Nakano, T., Soliman, W. & Takada, N. Effect of pressurization on the dynamics of a cavitation bubble induced by liquid-
phase laser ablation. Appl. Phys. Express 2, 046501 (2009).
26. Thornton, B. et al. Spectroscopic measurements of solids immersed in water at high pressure using a long-duration nanosecond laser 
pulse. Appl. Phys. Express 6, 082401 (2013).
27. De Bonis, A. et al. Dynamics of laser-induced bubble and nanoparticles generation during ultra-short laser ablation of Pd in liquid. 
J. Phys. D: Appl. Phys. 46, 445301 (2013).
28. Rechberger, W. et al. Optical properties of two interacting gold nanoparticles. Opt. Commun. 220, 137–141 (2003).
29. Vogel, A. & Busch, S. Shock wave emission and cavitation bubble generation by picosecond and nanosecond optical breakdown in 
water. J. Acoust. Soc. Am. 100, 148–165 (1996).
30. Brennen, C.E. Cavitation and Bubble Dynamics, Oxford University Press: Oxford, 1995.
31. Plesset, M.S. The dynamics of cavitation bubbles. J. Appl. Mech. 16, 277–282 (1949).
32. Petkovšek, R. & Gregorčič, P. A laser probe measurement of cavitation bubble dynamics improved by shock wave detection and 
compared to shadow photography. J. Appl. Phys. 102, 044909 (2007).
33. Cavicchi, R. E. et al. Single laser pulse effects on suspended-Au-nanoparticle size distributions and morphology. J. Phys. Chem. C 
117, 10866–10875 (2013).
34. Warshavski, O., Minai, L., Bisker, G. & Yelin, D. Effect of single femtosecond pulses on gold nanoparticles. J. Phys. Chem. C 115, 
3910–3917 (2011).
35. Heckel, J. C. & Chumanov, G. Depolarized light scattering from single silver nanoparticles. J. Phys. Chem. C 115, 7261–7269 (2011).
Acknowledgements
T.N. acknowledges the useful discussion with Professor Shuichi Hashimoto. This work was supported by the 
Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology 
of Japan.
Author Contributions
T.N. conceived the idea and led the project. X.W. performed the experiments and data analysis. S.C. carried 
out numerical calculations on the nanobubble growth. All authors discussed the results and commented on the 
manuscript.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Nakajima, T. et al. Observation of number-density-dependent growth of plasmonic 
nanobubbles. Sci. Rep. 6, 28667; doi: 10.1038/srep28667 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
